Introduction
Decubitus ulcers (DUs), also called pressure ulcers or bedsores, are vascular disorders that are the result of prolonged pressure, friction, or shear over skin, especially at bony prominences [1, 2] . DUs are more likely in the elderly, ill-fed, or individuals who stay immobile for a long while, which include the bedridden and paralyzed [2, 3] . Frequent repositioning to scatter the weight on the surface of the skin and the use of special beds and cushions that reduce pressure through redistribution of load over a larger area of the equipment are essential parameters to prevent and control DUs [1] . Its prevalence has been increasing over the past decade, affecting about 7.7 million people worldwide [4] . Smoking, cold weather, hypertension, diabetes, hypercholesterolemia, and ischemic heart disease are contributors to the spread of pressure ulcers, with clinical long-term consequences, such as wounds that cannot heal within 3-4 months [5] -chronic wounds. Furthermore, patients can develop ischemia in the areas of inefficient blood circulation, a condition in which blood products, such as circulating cells, nutrients, and oxygen are delivered to the tissue below a fair amount. Hypoxia is, in this way, a direct consequence of ischemia [6] . The healing tissue demands no homeostatic but higher energy, and hence, a more oxygenated microenvironment, to promote adequate regenerative complexes that work for tissue repair [7] . Oxygen has a major role in the synthesis of collagen, induction of blood-vessel growth, regeneration of the epithelium, and fighting off infections. Although acute and mild hypoxia are described as angiogenic in a tumor context [8] , extreme chronic wound hypoxia is not compatible with tissue repair [7] . Furthermore, tissues in a near-anoxic state can progress towards necrosis, which may spread to surrounding tissue, leaving the body highly vulnerable to microbial infections [9] . After a trauma, immune system triggers vasodilation and consequently vessel permeability with wound exudate as a final outcome. This fluid presents cells, key factors for healing, and a great ability to acquire microorganisms [10] . In chronic wounds, persistent inflammation and microbial infections can become established. Chronic exudates have a different composition and appearance than acute ones, and have deleterious effects on growth factors and peri-wound skin [11] . In chronic inflammation, the expression of mediators of inflammation is out of control; for instance, heparinbinding protein, with enhanced vascular permeability and a consequent abnormal production of exudate [12, 13] . Bacteria that colonize chronic wounds, most of them normal skin microbiota, also contribute to histamine release [14] . Moreover, resistant bacteria can also become established and have enough time to proliferate [15] , which may kill the patient and spread to the community.
The success of treatment of a chronic wound involves elimination of bacterial colonization, proper oxic conditions provided by wound-dressing structure, temperature above 33ºC, growth factors, wound hydration (optimum moisture balance), exudate absorption (hydrophilicity), necrosis tissue avoidance, and prevention of maceration of surrounding tissue [16] [17] [18] .
DUs are a huge reservoir of S. aureus, which can also be present in human skin without causing any infection. It is enclosed in a capsule that prevents engulfment by PMNs, along with a slime layer made up of biopolymers that can develop attachments to various human receptors as well as external biomedical devices. Additionally, 11 capsular serotypes are identified. S. aureus produces a range of toxins that operate as virulence factors: 5 cytolytic that detroy the cellular membrane, 2 exfoliative, 20 enterotoxins, and 1 TSST [19] . S. aureus causes clinical disease when it releases different toxins, carries out colonization, and brings about the necrosis of tissues. Although manifestation of the disease relies largely on the action of toxins, in a few situations the cause lies in the S. aureus growth that makes over abscess and tissue necrosis. Likewise, it provides resistance to the commonly used (and essentially every) antibiotics [20] , a serious cause for concern in DUs [21] . The good progress in antimicrobial wound dressings provides a reliable solution to the adjuvant antimicrobial therapy for chronic disease.
The polyester polycaprolactone (PCL) is a non-toxic hydrophobic synthetic tissue-compatible polymer, being one of the five degradable polymers that the Food and Drug Administration officially approved to meet the needs of healthcare [22] . Pressure ulcers stage III are very difficult to treat and may require years to heal [1] . The polyester PCL has two highly characteristic properties especially suitable for pressure ulcers stage III: (i) its slow the biodegradability rate, which renders PCL an attractive drug delivery device for more than a year (2-3 years) [23] ;
(ii) and its low tensile strength, yet very high elongation at breakage turn PCL fascinatingly elastic. These are the desirable characteristic features for the regeneration of skin and vascular tissues [24] . On the other hand, other materials, such as hydrogels, bring lower stability: they require environmental control of humidity, nutrients, and microorganisms, which seem unrealistic to control under in vivo conditions; they are susceptible to enzymatic and microbial degradation, have low mechanical resistance, and last no more than a few weeks [22] . As with all biodegradable polymers, PCL is more or less degraded according to its own physicochemical composition; namely, molecular weight, degree of crystallinity, and geometry (form, dimension, porosity/void fraction, and ratio of surface to volume) [25] . This work describes the innovative use of L-Cysteine (LCys) that is part of diverse food sources. This α-amino acid is thiol-ended, which encompasses a wide range of antimicrobial activity [26] , acting as a disrupter of metabolism and the membrane [27] . L-Cys aims particularly at the microbial membrane and compromises its enzymatic and the metabolic machinery. Its capability for conjugating with reactive chemical species and trace elements [28] adds the ability to counteract the damaging effects of oxidation in human tissues.
The present work takes account of the development of a process that granted the PCL foam with the covalent linkage of L-Cys (L-Cys-g-PCL), which also converted it into a hydrophilic material for exudate absorption purposes. Herein, we present new findings claiming the development of a new foam-shaped wound dressing with an amino acid for DUs. The development of biomaterials that provide comfort, antioxidant, antimicrobial, and non-cytotoxic properties, has become a priority of research.
Materials and Methods

Reagents
Polycaprolactone and 1,4-dioxane as solvent (>99%) were from Sigma (USA).
Staphylococcus aureus, strain ATCC 6538, was cultivated in solid nutrient agar and liquid nutrient broth (Panreac, Spain), with vigorously stirring.
Foam Preparation
A solution of PCL, M n 45,000, 3% (w/v) in dioxane solvent, was prepared in a fume hood, stirring 2 h until complete dissolution. The solution was then placed in a freezer at -80ºC overnight, and subsequently freeze-dried for 48 h. Foam cross-sections were made and stored in a desiccator until use.
Foam samples were covalently functionalized via aminolysis with amine compounds present in 5% (w/v) L-Cysteine (L-Cys) solution (Sigma-Aldrich, Germany), for 1 and 8 h, under pH 6.5 at 40ºC.
Methods
The foam specimen was evaluated by surface/core analyzing procedures and further investigated for antimicrobial activity and swelling profiles to estimate its behavior and potential as a wound dressing for DUs.
Contact Angle
OCAH-200 (Dataphysics, USA) was used to record contact angles, using a high-speed video hardware with a resolving power of 752 × 484.
Free Energy of Adhesion
The surface tension of samples was ascertained using the sessile drop method at room temperature, using one non-polar component (diiodomethane) and two polar solvents (water and ethylene glycol), whichever surface tension components are known:
The symbol θ means the contact angle; also γ
. The parameter γ was predicted from the interactions between S. aureus [ 2 ] and foam [ 1 ] :
If ΔG
< 0, the expected adhesion of S. aureus is considered favorable. Conversely, the expected adhesion is not considered favorable if ΔG
Energy Dispersive X-ray Spectroscopy (EDS) An EDS interconnected to a scanning electron microscope (HITACHI S 2700, Japan) was used to quantify the sulfur presence on the samples.
Ellman's Assay (Datacolor)
Ellman's reagent, (5,5'-dithio-bis-(2-nitrobenzoic acid) (Sigma, USA) turns yellow immediately upon conjugating with free thiol groups, where it forms a dissulfidric compound called 2-nitro-5-thiobenzoic acid. This test was conducted to measure thiolates of L-Cys-modified PCL samples, allowing their quantification through determined K/S values. Briefly, samples were immersed in a bath ratio of 1/60 of Ellman's reagent at 40ºC for 45 min, under 15 rpm stirring, using a Mathis-BFA12. Color measurement was performed using the spectrophotometer Spectraflash SF300 (Datacolor, Switzerland). Reflectance (R) was measured at 412 nm wavelength of the visible light zone and it was intimately linked to concentration with the Kubelka-Munck formula:
R represents reflectance, K constitutes the absorption coefficient, and S stands for the diffusion coeficient, because
where C is the dye concentration in the fiber and α a constant.
Structural Analysis
The chemical contents of PCL foam, as well as foams grafted with L-Cys for 1 and 8 h, were determined with a Thermo-Nicolet is10 Fourier transform infrared spectrophotometer (FT-IR). The polarized spectra were scanned 64 times, with a spatial frequency resolving power of 4 cm 
X-Ray Diffraction (XRD) Analysis
The crystal structure of the samples was assessed by XRD, after being crushed to powders. Scans were performed between 2θ values of 5º and 90º.
Differential Scanning Calorimetry
The crystallinity of the 1 h L-Cys-g-PCL was further investigated with differential scanning calorimetry (DSC) (DSC 204 Phoenix (Netzsch, Germany)) with samples completely filled in small aluminum containers. Nonisothermal scans were carried out from 30ºC to 300ºC at a heating rate of 2ºC per minute, with a nitrogenreplacing atmosphere. The melting point (T m ) and enthalpy of fusion (ΔH m ) were obtained.
Swelling Ratio
Pre-weighted foam samples (W1) were immersed in a solution ratio of 0.1 g sample weight: 50 ml of ddH 2 O adjusted to pH 7 and 8.9, under 25ºC. At 0, 2, and 24 h, samples were taken from the solution, wiped, and weighed (W2). The amount of swelling was determined according to Eq. (4).
Swelling ratio (%) = (W2 −W1) × 100 / W1 ( 4 )
Porosity and Density
The density was determined based on Archimedean Principle, by weighing the samples at the room environment and immersed in a liquid (ddH 2 O) at pH 7 and 8.9. Providing that the principle of density determination is ρ = m(g)/V (cm 3 ), the sample density is
where A represents the weight of the sample in the room environment, B stands for the weight of the submerged sample, and ρ 1 is the density of the test liquid (water) at the temperature of 37ºC. The density measurements provided information about the porosity, where
The bulk density of PCL is 1.15 g/cm 3 (Sigma Aldrich).
Anti-S. aureus Activity An assay was carried out to determine the bacteria viability reduction with the application of the L-Cys-functionalized foam samples, according to E 2180-01 Standard Test Method for Determining the Activity of Incorporated Antimicrobial Agent(s) in Polymeric or Hydrophobic Materials. The gram-positive bacterial strain Staphylococcus aureus (ATCC 6538) was chosen as it is a common pathogen present in nosocomial infections, especially in bedsore ulcers. Briefly, inoculum of S. aureus culture was prepared with NaCl and agar-agar in order to form a agar slurry with 1-5 × 10 6 bacteria/ml, which was poured (1 ml) onto 3 × 3 cm square samples, with subsequent incubation for 24 h. The antimicrobial efficiency was quantitatively evaluated, where the percentage of bacterial reduction (%R) was calculated at 0 and 24 h using:
where C is the CFU (colony forming units) on the control sample and A is the CFU on the functionalized foam (L-Cys-g-PCL).
In order to ascertain whether the samples have a bacteriostatic or bactericidal effect, the following equations were used [30] :
where M a is log 
Scanning Electron Microscopy (SEM)
A fixation solution of 1.5% gluteraldehyde was prepared and added to the adsorbed bacteria on samples, which were then incubated overnight at 4ºC. Afterwards, the samples were dehydrated at percentage values starting from 50% until 99%, with ethanol plus water, and then dried (K850 Emitech, UK). After covering the samples with a thin coating of gold, they were examined under a scanning electron microscope (Hitachi S2700, Japan) at a high voltage of 20 kV.
The purpose of SEM analysis was to quantify and compare S. aureus attachment after 24 h, with an initial innoculum of 10 7 S. aureus/ml, as well as the size of the pores. Pore sizes were measured using the equation: d = l × h [31] , where l means the average maximum pore length and h is the average minimum pore length.
Cytotoxicity Assay
The testing of cytotoxicity of L-Cys-g-PCL on mouse fibroblast cell line BALB/c 3T3 was done based on an adaptation of E DIN EN ISO 10993-5. Two different treatments were performed: (i) sterilized L-Cys-g-PCL discs (0.56 cm 2 ) were poured floating at the center of each well; and (ii) perspiration extracts of 4.4%, 6.6%, 9.9%, 14.8%, 22.2%, and 33.3% were added. The samples were incubated for 24 h and at 37ºC, under 5% CO
2
. The MTS test of cell viability was done, including solvent and negative controls.
Statistical Analysis
The significant values (p < 0.05) were calculated according to the multiple comparisons between results, with one-way ANOVA and post-hoc Tukey tests (SPSS 21.0).
Results
Contact Angle
The wettability of PCL foam, together with PCL grafted foams at 1 and 8 h (L-Cys-g-PCL), was calculated according to the angle between the samples surface and the water drop. These angles were recorded at 10 sec, because they proved stability and allowed us to observe a native hydrophobic PCL foam surface; 109.9° ± 5.0°. Interestingly, L-Cys-g-PCL for 1 and 8 h were found to be significantly different from the latter, turning to hydrophilic surfaces of 86.5° ± 10.0° and 58.1° ± 16.1°, respectively.
Free Energy of Adhesion
The interaction potential for bringing S. aureus closer to the samples was determined by a thermodynamic approach of the free energy [29] . It was determined that the ability of the S. aureus strain studied was unfavorable to bind to the control, which consisted of PCL (ΔG increased, meaning that the adhesion capacity of S. aureus to grafted PCL decreased with the introduced modifications.
Energy Dispersive X-Ray Spectroscopy
The amount of sulfur groups present in the grafted samples was calculated with EDS analysis, which is used as
an analytical technique for elemental analysis and chemical characterization. The graft presence varied with the modification time. The absence of sulfur in the PCL native structure helped us to determine indirectly the success of the grafting. The 1 h of grafting was bound to bind an increased load of L-Cys (i.e., 1.64% wt. (percentage by weight)). On the other hand, 8 h of grafting retained only 0.32% wt. In the absence of grafting (controls), no sulfur traces were detected.
Colorimetric Assay (DataColor)
Additionally, to confirm the correlation of sulfur content to thiolates, colorimetric assay with Ellman's reagent was performed. Results of the color strength based on the amount of functionalized L-Cys are presented in Table 1 .
Structural Analysis (FT-IR)
The native PCL spectrum is presented in Fig. 1a [32] . Structural differences accomplished on PCL after its covalent modification, at two times of grafting (1 and 8 h), were also estimated. Infrared spectra confirmed the PCL chain grafted with L-Cys, marked by the rise of the peak owing to its hydroxyl functional group, around 3,100 cm -1 , as shown in Fig. 1b and 1c .
X-Ray Diffraction Analysis
A careful look at the XRD spectra allowed us to see the phase composition and crystal structure of the PCL foam control (Fig. 2a) , 1 h L-Cys-g-PCL (Fig. 2b) , and 8 h L-Cysg-PCL (Fig. 2c) . The PCL foam and grafted ones showed their main peaks typical of an orthorhombic crystalline polyethylene-like unit cell at 21.5º and 23.5º, corresponding to (110) and (200) reflections, respectively [33] . Although the peak relative intensity values for 2θ of 21.5º and 23.5º were similar for the control (a) and 8 h L-Cys-g-PCL (c), the intense diffraction peak at 21.5º for 1 h L-Cys-g-PCL (b) appeared with no shift, albeit with a higher intensity than those of the latter, indicating the same crystal form with a high-ordered structure. This evidence could suggest a rather more crystalline structure for 1 h L-Cys-g-PCL, when comparing with the control and 8 h L-Cys-g-PCL.
Differential Scanning Calorimetry
Based on XRD evidence, the effect of 1 h L-Cys-g-PCL and its thermal properties were investigated. Melting temperatures (T m ) for the control, 1 h L-Cys-g-PCL, and LCys were obtained from the heating scan, and were 63ºC, 62ºC, and 182ºC, respectively (Fig. 3) . These values suggest that the covalent introduction of 5% (w/v) L-Cys graft affected the PCL crystallinity degree. Covalent bonds do not break on melting or dissolving. Moreover, molecules are held together by weak intermolecular forces in covalent solids. When a solid melts, the forces that are overcome are the weaker ones, keeping the covalent bonding intact. This may explain why 1 h L-Cys-g-PCL decreased its melting point. Furthermore, its decreased enthalpy of fusion (0.58 mW/mg) might be due to first the latter reason, and second the aminolysis reaction, where the PCL chain is split in two parts. The enthalpy of fusion for the control was 0.67 mW/mg.
Swelling Ratio
The swelling ratio (%) of the studied samples was determined in pH 7 (Fig. 4A ) and pH 8.9 (Fig. 4B) , at a ratio solution of 0.1 g/50 ml, 37ºC, at 0, 2, and 24 h. Calculations were according to Eq. (4). All three samples, PCL foam (Fig. 4a ), 1 h L-Cys-g-PCL (Fig. 4b) , and 8 h L-Cys-g-PCL (Fig. 4c) , showed time dependence of water absorbency. Furthermore, the absorbency was always the highest for 1 h L-Cys-g-PCL (Fig. 4b) , and the lowest for PCL foam (Fig. 4a) , except at pH 8.9 where 8 h L-Cys-g-PCL (Fig. 4c ) after 24 h of incubation in solution was even lower. At pH 8.9, the absorbency was incredibly high for 1 h L-Cys-g-PCL (Fig. 4b) , reaching swelling ratios of 382% after 2 h of incubation in solution, and 431% after 24 h of incubation in solution. 
Porosity and Density
The foams were produced with a porous structure. Their density and porosity were assessed after 24 h, and are shown in Table 2 . For both pH's, the porosity was always the highest for 1 h L-Cys-g-PCL, and the lowest for control PCL foam, except at pH 8.9 where 8 h L-Cys-g-PCL was inferior. At pH 8.9, porosity was very high for 1 h L-Cys-g-PCL, averaging 79.82%. This might be explained by the ionized L-Cys -OH and -SH groups at pH 8.9, which repel each other.
Anti-S. aureus Assays -Quantitative Method (Suspension)
This assay evaluated the S. aureus viability reduction when in contact with the L-Cys grafted PCL. The results are displayed in Fig. 5 . It is possible to observe that after modification, both materials were antimicrobial, either at 0 h (Fig. 5A) or at 24 h (Fig. 5B) . On immediate contact with grafted foams (0 h), 1 h L-Cys-g-PCL (b) showed 97.93% of significant bacterial reduction, against 77.86% of 8 h L-Cysg-PCL (c). For 24 h the same pattern was observed: 1 h LCys-g-PCL (b) was significantly higher (99.67%) than the other (c) of 84.40%.
For 1 h L-Cys-g-PCL, bacteriostatic and bactericidal activity values were calculated, and were 2.70 and 1.38, respectively. On the other hand, for 8 h L-Cys-g-PCL, the bacteriostatic and bactericidal activity values were -0.57 and 0.75, respectively. According to JIS L 1902 [30] bacteriostatic and bactericidal activity values for S. aureus (ATCC6538P) should be close to 2.3 and 1.5, respectively. The 1 h L-Cys-g-PCL proved to have bactericidal effect, since its bactericidal value was close to the value of 1.38.
Scanning Electron Microscopy
The topography of the cross-sectioned lyophilized foams was analyzed by SEM. Their pore sizes were then measured on SEM images, whose average was obtained using the equation d = √ (l × h) [31] , where l means the maximum pore length and h is the minimum pore length. As illustrated in Fig. 6 , PCL foams showed a homogeneous, highly interconnected porous structure. Furthermore, the low TIPS temperature led to low-sized pores and fibers with decreased thickness (thin). The average pore size was 54.65 ± 10.99 μm.
There was a significant decrease in the number of adherent S. aureus for both conditions of modified samples, after 24 h. For 1 h L-Cys-g-PCL, almost no bacteria was observed. Regarding 8 h L-Cys-g-PCL surfaces, they demonstrated, on the other hand, just a small decrease in the number of adherent bacteria when comparing with controls (Fig. 6 ).
Cytotoxicity Assay
The 1 h L-Cys-g-PCL was considered a safe antimicrobial agent on mouse fibroblast cell line BALB/c 3T3 (Fig. 7) . Results did not differ beyond 30% from controls, as shown in Fig. 7 . Only a growth inhibition of more than 30% in comparison with the solvent control is assessed as a clear cell-toxic effect. On the other hand, a growth proliferation of more than 30% would be considered pro-tumorigenic (E DIN EN ISO 10993-5). In accordance with this, it can be concluded that no cytotoxic substances were released from these samples, avoiding the risk of skin irritation.
Discussion
This work aims to develop pH-responsive L-Cysteine grafted polyester PCL-based foams for DU treatment. The novelties of this work arise with the preparation of L-Cys-PCL conjugates with high antibacterial activity and the ability to be shaped to fill in sunken holes (craters) -pressure ulcers stage III -acting as a smart material responsive to pH, tailored to develop better swelling properties at alkaline pH where exudates are normally higher, so as to address exudate self-cleaning and prevention of desiccation. The generated soft materials efficiently inhibited S. aureus bacterial growth by the effect of the thiol groups grafted on the polyester.
In the beginning, conservative approaches for healing decubitus/bedsore ulcers recommended their drying and exposure to the environment [5] . In 1962, Winter [34] presented in vivo research, which proved that a humid environment would be more suitable for bedsores healing, whose results were further confirmed in 1963 by Hinman and Maibach [35] . Recent studies have suggested the ideal wound dressing should address exudate self-cleaning, prevention of desiccation, non pro-allergenic effect, gas exchange, protection against dust and toxic contaminants, thermic insulation, and debridement protection [1, 5, 36, 37, 38] . The PCL anionic nature, enhanced by thiolates of LCys [26] , renders L-Cys-g-PCL the advantage of preventing electrostatic interactions with negatively charged surfaces, such as mucosa [39] , which rely on its negative charge on pendant sulfate groups [40] . This bears debridement protection to the patient. Moreover, an adequate moisture degree elicits a desirable biological medium for cicatrization, allowing a more efficient cellular metabolic activity and activation of growth factors [5] .
During this work, the interactions between S. aureus and L-Cys-g-PCL were studied under conditions that simulate DUs; namely, pH and exudate. The effect of duration of grafting (1 or 8 h) and pH (7.0 and 8.9) on wettability, surface energy, swelling, and porosity, as well as on S. aureus-L-Cys-g-PCL foam interaction were evaluated. 3D foams were developed from PCL solutions according to the thermally induced phase separation technique, with the posterior sublimation of the solvent. These were subsequently grafted through the covalent reaction aminolysis, with L-Cys. PCL presents ester groups (-COO-) in its structure, which were hydrolyzed to carboxylic acid under slightly acidic condition (solution of 5% (w/v) L-Cys pH 6.5) and heat, through the reverse of Fischer esterification. Amines of L-Cys were covalently grafted on the carboxylic acid of PCL.
The developed application was a porous structure, averaging 54.65 μm. The porosity controls the amount of fluid of a weeping wound, and it constitutes itself an important parameter for gas exchange. Although the optimal porosity is not fully understood yet, the degree of pore interconnectivity seems more important than its size [21] . The low TIPS temperature led to low-sized, homogeneous, and organized pores and fibers with low thickness. Furthermore, they showed a large surface area and were interconnected.
Readings with EDS, Datacolor, and FT-IR indicated that L-Cys was successfully grafted to PCL foam. Results also demonstrated a higher efficiency of grafting for L-Cys-g-PCL foam with 1 h of functionalization when comparing with 8 h. L-Cys-g-PCL foam increased its volume/swelling after incubation in pH 7 and 8.9. At pH 8.9, the maximum pH detected in a chronic wound environment [41] , the swelling was even more prominent. The mechanism at this alkaline pH is related to the ionization of hydroxyl and sulfhydryl groups of L-Cys with the consequent repulsion of its chains. L-Cys-g-PCL thus acted as a smart material, responsive to pH. At alkaline pH 8.9, 1 h L-Cys-g-PCL had swelling ratios of 382% after 2 h of incubation in solution, and 431% after 24 h of incubation in solution. This is important for a drug-delivery system application, where at physiological pH chains are tight and compact, whereas at alkaline pH chains swell and release the drug from inside. Furthermore, depending on the degree of cross-linking with L-Cys, it will affect the crystallinity of the foam structure, and its hydrolysis can lead more or less quickly to the erosion of the wound dressing, with the consequent release of L-Cys. Owing to covalent grafting on a PCL substrate, L-Cys acted as a by-contact antimicrobial, which prevented its leaching to the environment after 24 h (at pH 8.9) (data not shown), a condition important to minimize the development of resistance by S. aureus. Surface energies were estimated according to the approach in [42] [43] [44] . L-Cys grafting turned PCL from hydrophobic to hydrophilic for both 1 and 8 h treatments. A change in the surface energy from 7.17 mN/m for untreated, to 19.14 mN/m for 1 h L-Cys-g-PCL and 19.99 mN/m for 8 h L-Cysg-PCL was assessed by the boost in the polar part of the surface energy. With extended grafting time (8 h), although the sample became more hydrophilic than the 1 h graft, its surface energy remained unaffected. One of the factors that rule water absorbency is the hydrophilicity of the pendant group as well as degree of crosslinking. L-Cys is polar and therefore attracts water, which is also polar. This property made the herein developed foams hydrophilic. One hour of grafting did not show as prominent hydrophilic characteristics as 8 h of grafting, probably due to the higher porosity, hiding the polar groups. Moreover, for 1 h L-Cys-g-PCL, the higher XRD peak relative intensity, as shown in Fig. 2 , was evidence that suggested a higher crystalline structure for this material. Melting temperatures (T m ) also decreased (Fig. 3) , which implied that aminolysis was successfully achieved. Furthermore, L-Cys covalently bonded to ester made it difficult to break, which left weaker intermolecular forces easier to break. Moreover, its decreased enthalpy of fusion, 0.58 mW/mg, explains the chain breakage in two parts.
In accordance with the chemical surface analyses for 1 h L-Cys-g-PCL, microbiologic data for S. aureus at 0 and 24 h of incubation showed 97.93% and 99.67%, respectively. Such an inhibition is sustainable because L-Cys, when adsorbed to the foam, has the thiol groups more readily available to react with bacterial proteins and cause a bactericidal effect [26] , compromising the membrane metabolic and bioenergetic machinery [27] . On the other hand, for 8 h L-Cys-g-PCL, the killing rates decreased for 77.86% and 84.40% for 0 and 24 h, respectively. This is understandable by the less efficient grafting of L-Cys. The shape and amount of S. aureus were evaluated, under electron microscopy, when adsorbed on 1 h L-Cys-g-PCL and 8 h L-Cys-g-PCL for 24 h. It was demonstrated that fewer bacteria adhered to grafted foams when comparing with controls, albeit 1 h L-Cys-g-PCL had the lowest and debilitated adhered S. aureus. These interactions between S. aureus and L-Cys-g-PCL are partly in accordance with the theoretical model predicted, in that albeit the unfavorable capacity of S. aureus to adsorb the native PCL foam (ΔG increased to similar values, the adhesion capacity of S. aureus to grafted PCL would decrease equally for both. Different porosity between 1 h LCys-g-PCL and 8 h L-Cys-g-PCL may explain this fact. Furthermore, bacterial phase variation mechanisms, which fluctuate with pH, may have influence on the S. aureus wall. It can express different extracellular structures, such as fimbriae and extracellular polymeric substances [45] , which can protect S. aureus better from inefficient grafting or lower porosity at 8 h L-Cys-g-PCL.
After comparing with the literature [1, 5, 41, [46] [47] [48] [49] [50] , the herein developed wound dressing is foam-shaped and composed by a polymeric material, with absorbence eased by the incorporated pores, and with potential to be semiocclusive. This absorption capacity varied according to foam porosity, as well as grafted L-Cys. It can be used to drain wounds, and to work as a pressure relief wound dressing. Moreover, it is gas and water vapor permeable (porosity), and offers protection against shear forces. This novel material is proposed to be in contact with the wound surface, absorbing its exudate, which can contribute to the moisture environment, once its safety is proved against 3T3 fibroblasts. Although it is stated that foam wound dressings should not be used in infected wounds [5, 50] , this research work shows other perspective.
This study allowed the covalent hydrophobic-tohydrophilic conversion of a PCL substrate via aminolysis with L-Cys. This was demonstrated by the contact angle, free energy of adhesion, X-ray spectroscopy, infrared spectroscopy, X-ray diffraction analysis, differential scanning calorimetry, and scanning electron microscopy.
L-Cys showed optimal grafting to PCL foam with 1 h of functionalization under slight acidic environment and heat. In accordance with the chemical data, microbiologic results for S. aureus at 0 h and 24 h of incubation showed 97.93% and 99.67% of bacterial reduction, respectively, which revealed our application to be microbicidal. Furthermore, the number of bacteria adhered after 24 h was negligible and with a compromised morphology.
A new pH-responsive smart material with antioxidant, safety, and swelling properties, ability to be shaped to fill in sunken holes (pressure ulcers stage III), and strong antimicrobial properties is herein presented for potential use as a wound dressing for decubitus ulcers.
